Journal of environmental protection by Usabiaga Santamaria, Juan José et al.
Journal of Environmental Protection, 2013, 4, 683-693 
doi:10.4236/jep.2013.47079 Published Online July 2013 (http://www.scirp.org/journal/jep) 
683
A Simulation Model for Road and Maritime 
Environmental Performance Assessment 
J. J. Usabiaga1, M. Castells1, F. X. Martínez, A. Olcer2 
 
1Department of Nautical Sciences and Engineering, Universitat Politècnica de Catalunya, Barcelona, Spain; 2World Maritime Uni-
versity, International Maritime Organization, Malmö, Sweden. 
Email: mcastells@cen.upc.edu, aio@wmu.se 
 
Received March 18th, 2013; revised April 20th, 2013; accepted May 19th, 2013 
 
Copyright © 2013 Juan José Usabiaga Santamaría et al. This is an open access article distributed under the Creative Commons At-
tribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is prop-
erly cited. 
ABSTRACT 
The White Paper published in 2011, Roadmap to a Single European Transport Area [1], urges on a 30% modal shift of 
road freight over 300 km to other modes (rail, maritime and inland waterways) by 2030, and more than 50% by 2050. 
However the environmentally friendly performance of maritime transport regarding air pollutant emissions in compari-
son with road transport is in doubt. This paper presents a three dimension simulation model, in which performed trans-
port work, arisen emissions and produced impact are estimated and inter-related for the assessment of the environmental 
performance of both road and maritime transport. The simulation model will be a valuable decision making tool for 
policymakers as it enables the precise assessment of considered transport alternatives in the EU27 until 2020, and hence 
supports the design of future intervening actions. 
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1. Introduction 
Maritime transport is, after road transport, the most im- 
portent mode of transportation within the European 
transport system, being responsible for 36.8% of the in- 
tra-European transport in 2009 [2]. 
In the last decades, based on a presumed environmen- 
tally friendly performance, intra-European maritime ser- 
vices, also known as Short Sea Shipping (SSS) services, 
have been favored by numerous supporting actions com- 
ing from both national governments and the European 
Union (EU): Marco Polo and Trans European Network 
of Transport (TEN-T) programs, the most relevant. 
However when comparing SSS with rail and road trans- 
port, its main competitors; several doubts arise with re- 
gards to its greener performance. Substantial CO2 emis- 
sions originate in transport sector (25% in 2007 for the 
EU15, excluding the international traffic departing from 
the EU) and almost all of this comes from road transpor- 
tation (93% in 2007 for the EU15) [3]. There is no doubt 
about maritime transport being the most energy efficient 
transport mode and therefore it is on average the trans- 
port alternative with lower CO2 emissions per transport 
work unit [4]. But that does not mean it is the greenest  
alternative in terms of air pollutants (NOx, VOCs, PM2.5, 
SO2,) emissions, which are not solely dependent on fuel 
quality. Aspects such as engine technologies, types of 
fuel, emissions abatement technologies, emission stan- 
dards, logistical factors and sensitivity of concerned ar-
eas make all the difference in favor or against each mean 
of transportation. In fact there are studies that have 
shown that maritime traffic emissions can affect NO2, 
PM10 and SO2, concentration in coastal areas [5]. On the 
other hand, an optimized infrastructure investment model 
is developed to evaluate local air pollution of maritime 
transport and its effects as a result of manoeuvring, ho- 
teling, and load/unload activities at ports [6]. 
This paper’s objective is to bring some light to SSS’s 
environmental performance assessment in comparison 
with that of road transport and to lay foundations for fu- 
ture intervening actions. Therefore a computer model is 
built up characterizing the two transport chains under 
investigation. The model considers both local and rural 
externalities from direct emissions of air pollutants (NOx, 
VOCs, PM2.5, SO2, NH3) and the global impact of CO2 
emissions. Only road transport and SSS are considered, 
as currently rail transport is not an actual alternative 
Europe-wise due to interoperability issues between 
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countries. 
There are a few reports [7-13], but not generalized 
simulation models, comparing SSS’s environmental per- 
formance in comparison with other means of transport. 
The developed model shows several strengths and op- 
portunities when comparing it with the aforementioned 
reports. In the following paragraphs these are high- 
lighted. 
A distinctive particular of the model is that the envi- 
ronmental performance is measured using the external- 
ities produced by air pollutant and greenhouse gas (GHG) 
emissions, instead of by the amount of produced emis- 
sions. This is a significant issue as emission impacts de- 
pend on the sensitivity of the emission site and therefore 
same amounts of emissions do not necessarily present 
same impacts. In this respect, the model is designed fol- 
lowing a bottom up approach enabling spatially disag- 
gregated emission inventories, which in the end allow 
geographically characterized impact valuations. 
Following the introduction section (Section 1), this pa- 
per continues with the methodology (Section 2) where 
the relationships and calculations underlying the com- 
puter model are described. Once the methodology is 
known, a case study is presented (Section 3) showing the 
capabilities of the model. Afterwards results are dis- 
cussed (Section 4) in order to finally present some con- 
clusions and further recommendations (Section 5). 
2. Methodology 
The simulation model is broke down into four major sec- 
tions shown in Figure 1. The first and second sections 
deal with transport activity and fleet characterization 
parameters respectively, i.e. emission and cost drivers. 
The third section leads us to an emission index for 
each of the transport alternatives and scenarios selected. 
Finally the fourth section uses main cost drivers intro- 
duced in the first two sections of the model, to determine 
the intensity (sensitiveness) of damages arising from 
transport activities and permitting the assessment of the 
environmental performance of the considered transport.  
2.1. System Boundaries and Main Assumptions  
The developed model is able to simulate the environ- 
mental performance of road and SSS alternatives taking 
into account air pollutants and CO2 emissions. In order to 
understand its working capacity, the extents of the simu- 
lated transport chains are represented within a dashed 
green rectangle in Figure 2. 
For road transport both loaded and empty legs are 
considered as usually trucks do not reload the trailer at 
the initial destination point. In the case of SSS combined 
transport chains, besides the maritime leg, pre and post 
haulage legs are taken into account as the origin and des-  
 




Figure 2. Road and SSS transport chains system boundaries 
Source: Own. 
 
tination of the cargo that will rarely be placed at seaports. 
Moreover the empty leg after unloading is also consid- 
ered. 
The models only consider direct emissions during the 
actual transport, indirect emissions taking place upstream 
or downstream are not considered due to lack of reliable 
data. When it comes to air pollutants emissions estima- 
tion, the model considers emissions of NOx, VOCs, 
PM2.5 and SO2 for both transport alternatives. NH3 emis- 
sions are also considered for road transport though. Re- 
garding GHG emissions, only CO2 emissions are consid- 
ered. Point out that only emission factors for conven- 
tional fossil fuels have been considered (diesel fuel, 
heavy fuel oil, marine diesel oil and marine gas oil). 
The following factors, represented in Figure 3, are 
considered to influence the environmental performance 
of transport chains (€/tkm) and therefore considered in 
the model: 
• Logistical factors. 
o Pre and post haulage legs. 
o Detouring, covered distance difference between  
transport alternatives. 
o Vehicle capacity. 
o Vehicle utilization. 
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Figure 3. Road transport and SSS transport chains emis- 
sions and costs drivers. Source: Own. 
 
• Emission standards. 
• Emission abatement or engine technologies. 
• Energy efficiency. 
• Sensitiveness of the emission site. 
When it comes to the vehicles being used in road and 
SSS alternatives, the following assumptions have been 
made: 
• For road transport, configurations formed by a road 
tractor coupled to a semitrailer or car carrier with a 
maximum permissible weight between 40 to 50 tons. 
• In the case of SSS only the ship types (RoRo, RoPax, 
ConRo, Car Carrier and Container ship) competing 
for cargo carried by road and their corresponding 
loading units (semi-trailer, car carrier, Twenty-foot 
Equivalent Unit (TEU), Forty-foot Equivalent Unit 
(FEU) and Container Equivalent Unit (CEU)) are 
considered. 
The model’s geographical scope is limited to the EU27 
and its surrounding seas (Mediterranean, Atlantic, Eng- 
lish Channel, North Sea and Baltic Sea) due to data 
availability. 
2.2. Road Transport Model 
The road transport model has been designed bearing in 
mind simplicity, input data availability and accuracy; 
trying to represent comprehensively all singular charac- 
teristics leading to the production of actual emissions and 
impacts of this mean of transportation. This model uses a 
top-down approach for fleet characterization purposes 
and a bottom-up approach for geographical characteriza- 
tion of emissions. In this manner, the model achieves a 
comprehensive assessment, taking into account the char- 
acteristics of the emitting truck type and the specifics of 
each emission place. Figures 4 and 5 describe in brief 
the road transport model. These figures show emission 
and cost drivers together with their interrelations. 
2.2.1. Activity Data 
In this section parameters describing the considered road 
transport link (urban, rural and highway segments) are 
the inputs. These parameters are some of the necessary 
data to be able to calculate emissions and their impact in 
sections three and four respectively. 
2.2.2. Fleet Characterization 
Under this section the European truck fleet engaged in 
international freight services and competing with SSS 
services is characterized. The truck class, payload capac- 
ity and the fleet’s engine technology (Euro I –V) are re- 
viewed. 
2.2.3. Emission Estimation 
The methodology quoted as Tier 3 for exhaust emissions 
calculation from road transport in the EMEP/EEA air 
pollutant emission inventory guidebook 2009, part B, 
chapter 1.A.3.b., is used [14]. This methodology requires 
detailed truck movement data besides technical informa- 
tion on trucks being considered. 
Once all the relevant data for the model has been in- 
troduced, this will give emission results for each of the 
considered road transport stages, air pollutants and 
GHGs. Emissions of NOx, VOCs, PM2.5, SO2, NH3 and 
CO2 are calculated. 
SO2 and CO2 emissions are proportional to the fuel 
consumption and the sulphur and carbon content in the 
fuel respectively; however emissions of the rest pollut- 
ants are calculated according to empirical formulas pre- 
sented on the EMEP/EEA study for the considered truck 
class and capacity. 
2.2.4. Impact Valuation 
Two types of impacts are distinguished for airborne pol- 
lutants emissions: a site specific local impact and a coun- 
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Figure 4. Road transport’s environmental performance model. Source: Own. 
 
 
Figure 5. Truck activity and fleet characterization data input sheet. Source: Own. 
 
2.3. SSS Combined Transport Model try specific rural impact. Both local and rural impacts are 
quantified. However the local impact is only present at 
urban stages. This model is composed by two road legs, pre and post haulage legs, and one main maritime leg, the SSS leg. 
The model used for the pre and post haulage legs is the 
previously introduced road transport model, but for the 
maritime leg a specific simulation model has been de- 
signed, Figure 6. On balance the combined transport 
model is just a composition of two unimodal models, one 
reproducing road transport and another one reproducing 
maritime transport.  
The urban impact is produced at a local scale and just 
after the pollutants, PM and SOx primarily, have been 
released. Local impact estimations need of great emis- 
sion site detail; therefore, a bottom-up approach has been 
chosen for the emissions’ geographical characterization 
[15]. On the other hand the rural impact is country spe- 
cific, and therefore its quantification does not require that 
much and precise information. 
For local impact quantification purposes the method- 
ology provided in “Benefits Table Database: Estimates of 
the Marginal External Costs of Air Pollution in Europe 
(BETA)” study is used [16]. 
2.3.1. Activity Data 
In this section parameters describing the route being con- 
sidered as well as the ship type being used need to be 
selected by the model user in order to perform conse- 
quent calculations with regards to the environmental 
performance of maritime transport. It is important to de- 
fine all the emission and cost drivers to achieve a realis- 
tic emissions and impact estimation. The selected SSS 
alternative, that is the ship type, the sailing scenario and  
In other respects and regarding rural impact quantifi- 
cation the Clean Air For Europe project (CAFE) [17] is 
used. This project provides the model with emission 
costs for the considered airborne pollutants and the EU27 
countries excluding Cyprus.  
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Figure 6. Environmental performance model of maritime 
transport. Source: Own. 
 
the sailing distance will determine the amount of emis- 
sions, whereas the sailing area and the origin and desti- 
nation ports will determine the sensitivity of affected 
areas, and hence the impact. Finally logistical factors will 
allow representing the caused impact in transport work 
units and therefore enable the comparison of perform- 
ances between different transport chains. 
2.3.2. Fleet Characterization 
In the maritime alternative the fleet characterization is 
very important, depending on the considered ship type 
emission factors differ significantly. A bottom up ap- 
proach was conducted to provide the research with the 
consistency given by the consideration of different and 
detailed input variables. For this purpose, the Lineport 
database made available by the Valenciaport Foundation 
and which records all ships engaged in SSS services 
competitive with road transport was used. Five different 
ship types were found within the maritime fleet compet- 
ing with road transport: container ships, car carriers, 
RoRo ships, RoPax ships and ConRo ships. Once all 
these ships were identified, using the Fairplay Seaweb 
database all relevant factors that give rise to ship airborne 
emissions were found. Except auxiliary engine charac- 
teristics (number, type and power), for which assump- 
tions done by Entec 2010 [18] were followed: medium 
speed diesel (MSD) and high speed diesel (HSD) engines 
evenly distributed and fix AE/ME power ratios per vessel 
type. For fleet characterization purposes a database 
formed by ll ships engaged in SSS services and calling at 
Spanish ports during years 2010 and 2011 was used. A 
total of 400 ships composed the mentioned database. 
2.3.3. Emission Estimation 
The methodology quoted as Tier 3 for airborne emissions 
calculation from international navigation, national navi- 
gation, national fishing and military (shipping) in the 
EMEP/EEA air pollutant emission inventory guidebook 
2009, part B, chapter 1.A.3.d is used [19]. This method- 
ology requires detailed ship movement data besides 
technical information on ships being considered. Further 
focusing on the emissions estimation methodology dem- 
onstrates that this work follows the method using data on 
installed main and auxiliary engine power, engine load 
factors and total time spent on each navigation phase. 
The Tier 3 method also employs specific emissions fac- 
tors depending on the engine type, fuel type and naviga- 
tional phase. 
Four air pollutants and one GHG emissions are esti- 
mated for maritime transport: NOx, VOCs, PM2.5, SO2 
and CO2. Emissions of the two latter compounds are pro- 
portional to the fuel consumption as well as to the sul- 
phur or carbon content in the fuel respectively. However 
the estimation of emissions of the rest of pollutants is not 
straightforward as varies with fuel type, sulphur content 
and engine operation mode (maneuvering, at berth or at 
sea). The emission factors update is made following the 
methodology and assumptions described in UK Ship 
emissions inventory and in the Transphorm Deliverable 
D1.2.3 [20], deriving from IVL and Lloyd’s emissions 
datasets. 
2.3.4. Impact Valuation 
Once emissions for each of the navigation phases are 
known, the impact of these must be quantified. As for 
road transport, two types of impacts are distinguished 
from emissions to air: a site, seaport, specific local im- 
pact and a country or sea specific rural impact. Both local 
and rural impacts are quantified for maneuvering and at 
berth phases. However in the sailing phase only a rural 
impact is present. 
As for the road model, the impact quantification is 
achieved following BETA and CAFE projects. The BE- 
TA project is relevant for local impact quantification and 
for joining both rural and local impacts during maneu- 
vering and at berth stages. On the other hand, the CAFE 
project is relevant as it provides costs per emitted pollut-
ant for each of the EU27 countries and sailing areas. As 
Cyprus, the English Channel is not within the dataset of 
the CAFE programme and therefore based on the sur- 
rounding countries emission costs are estimated. 
2.4. Scenario Analysis 
Once the general environmental performance assessment 
model was developed, scenarios for the comparison of 
transport alternatives were built up. The scenarios were 
not randomly created; the current and future regulatory 
frameworks regarding emissions were revised, with the 
objective of identifying key dates and areas in which the 
regulatory framework would change and hence alter 
transport alternatives’ environmental performances. Be- 
sides the change on emission factors due to the enforce- 
ment of new emission standards, it is also needed to pro- 
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ject forward the fleets recycling process to be able to 
forecast the introduction of new engine technologies into 
both road and SSS fleets. For this purpose life cycles of 
11 years for trucks and of 25 years for ships are consid- 
ered. Moreover the fleet is assumed to be evenly distrib- 
uted along its life cycle what results in an annual re- 
placement rate of 9.1% for the truck fleet and 4% for the 
SSS fleet on the basis that overall fleets remain constant. 
These scenarios will enable the model to conduct com- 
parative environmental performance analyses not only 
for current scenarios, but for future scenarios; providing 
the model with forecasting and in advance policy meas- 
ure testing abilities.  
2.4.1. Road and Maritime Regulatory Frameworks 
In the last two decades, starting in the 1993 with the first 
Euro I standard, road transport has improved signifi- 
cantly its environmental performance regarding emis- 
sions to air (CO, NOx, HC and PM), Figure 7. A set of 
emission standards known as the Euro standards have 
been progressively introduced since 1993. The next and 
more stringent standard, so called Euro VI, will be im- 
plemented by the end of 2013 reducing even more road 
transport’s emissions to air. Moreover road transport has 
also improved in sulphur emissions to air by limiting the 
sulphur content on diesel fuels (Directive 2009/30/EC 
[21] and Directive 98/70/EC [22]). Currently and since 
2009 the limit is in 10 ppm which is considered to be 
effectively “zero” content. With regards to CO2 emis- 
sions road has not achieve significant improvements as 
this GHG emission is proportional to the fuel consump- 
tion and the carbon content in the fuel and neither of 
these have been significantly reduced (Table 1). 
Unlike road transport, maritime transport has not been 
regulated with regards to emissions to the air until re- 
cently. Was the MARPOL 1973/1978 convention which 
through its Protocol of 1997 including the Annex VI in- 
troduced for the first time standards to prevent the air 
pollution from ships in May 2005. In this first version of 
the Annex VI a global sulphur cap limiting the sulphur 
content in the fuel to 4.5% was introduced. NOx emis- 
sions resulted also limited through the adoption of the 
NOx Technical Code (Tier I and Tier II standards), Fig- 
ure 8, and a more stringent SOx emission control area 
(ECA) was established in the Baltic Sea where the sul- 
phur content in the fuel was limited to 1.5%. In July 2005 
the MARPOL Annex VI resulted amended and new 
North Sea and English Channel SOx ECAs were intro- 
duced, although these were not fully enforced until No- 
vember 2007. The last review of the MARPOL Annex 
VI [23] took place in 2008 when a progressive reduction 
of SOx emissions from ships was planned and introduced 
to the annex: reducing the global sulphur cap to 3.5% by 
January 2012 and to 0.5% by 2020 subject to a previous  
Table 1. Evolution of emission standards for heavy duty 
vehicles (HDV). Source: Own, based in directives 88/77/EC, 
1999/96/EC, 2005/55/EC, 2005/78/EC and 2007/46/EC. 
Emissions to air 








Euro I (October 1993) 4.9 1.23 9 0.4 
Euro II (October 1996) 4 1.1 7 0.15 
Euro III (October 2001) 5.45 0.78 5 0.16 
Euro IV (October 2006) 4 0.55 3.5 0.02 
Euro V (October 2009) 4 0.55 2 0.02 
Euro VI (October 2013) 4 0.16 0.4 0.01 
Note: Euro I and II emissions standards are not directly comparable with those 




Figure 7. Evolution of emission standards for heavy duty 
vehicles (HDV). Source: Own, based in directives 88/77/EC, 
1999/96/EC, 2005/55/EC, 2005/78/EC and 2007/46/EC. 
 
 
Figure 8. Emission standards set by the NOx Technical 
Codes. Source: Own. 
 
feasibility review; and reducing the sulphur content in 
fuels used in SOx ECAs to 1% by July 2010 and to 0.1% 
by January 2015. Moreover same amendments also in- 
troduced new NOx emission limits for the so called Tier 
III engines, applicable to ships constructed after January 
2016 and operating in NOx ECAs. Finally the revised 
Annex will also allow to designate ECAs for SOx, PM 
and NOx. 
The regulatory framework established by the MAR- 
POL Annex VI was transposed into EU law by Directive 
2005/33/EC [24] in July 2005. This directive known as 
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the “Sulphur Directive” does not only transpose what 
Annex VI establishes, but complements it introducing 
more stringent limits for passenger ships (1.5% sulphur 
content limit in the fuel) and ships at port (0.1% sulphur 
content limit in the fuel), Figure 9. 
2.4.2. Baseline and Prospective Scenarios 
After a thorough review of the regulatory framework for 
road and maritime transport, the scenarios in Tables 2 
and 3 were created for the environmental performance 
assessment. These scenarios extend from 2012 (baseline 
year) until 2020 and include also specific scenarios rep- 
resenting ship types (passenger ships) and areas (SOx 
or/and NOx ECAs) in which due to their higher sensi- 
tiveness more stringent regulations are applied. 
On the other hand for road transport only four scenar- 
ios were built. These correspond to each of the four years 
considered in the marine scenarios (2012, 2015, 2016 
and 2020), as the emissions regulatory framework is 
common to the EU27 and to the European truck fleet. 
Hence for emissions calculation purposes, only the en- 
gine technology in place within the fleet needs to be es- 
timated. 
3. Case Study 
In this section the intra-European trade link between 
Madrid and Dortmund is chosen to show the potential of 
the developed simulation model. This trade link is of 
particular interest as one of the few services regarded as 
Motorways of the Sea in Europe runs between Bilbao 
and Zeebrugge. Table 4 shows the input data that needs 
to be entered by the model user. 
Once the data has been introduced, the model relates 
this input data with all the different combinations arising 
from the considered independent variables. The two sets 
of independent variables and values considered, shown in 
Tables 5 and 6, result in two different combinatorial ma- 
trices, formed by 7200 and 20,300 different combinations 
in the unimodal and multimodal options respectively. 
Running the simulation model a result is obtained for 
each of the considered combinations, enabling the identi- 
fication of the most efficient alternative for the consid- 
ered trade link and making possible a sensitivity analysis  
 
 
Figure 9. Evolution of the sulphur cap in marine fuels. 
Source: Own. 
of the considered variables (year, regulatory framework, 
load factor, Intermodal Transport Unit (ITU), etc.). 
4. Results Discussion 
The simulation model provides the user with thousands 
of results therefore the results data analysis process is of 
paramount importance to take maximum advantage of 
the developed model. In this section, results of typical 
case scenarios in the considered trade link are given as 
examples. 
The following two figures, Figures 10 and 11, present 
external costs of both transport alternatives being as- 
sessed in €/tm·km. For this purpose some pre-defined 
conditions with regards to load factor, empty trip dis- 
tance, average speeds, etc. have been assumed. 
Looking Figure 12 is clear at glance that not always 
multimodal transport chains perform better than road 
transport with regards to air pollutants and GHGs exter- 
nal costs. Broadly speaking the considered combinations 
could be classified in the following order from the 
greenest to the most damaging: multimodal transport 
(road + large container ships); multimodal transport (road 
+ small container ships); multimodal transport (road + 
ConRo ships); unimodal transport (road only); and fi- 
nally multimodal transport (road + RoRo).  
Thus multimodal transport chains using RoRo ships, 
regardless their engine type and in this particular trade 
link, perform worse than road transport. Considering a 
60% ITU load factor and a fully loaded RoRo ship the 
external costs of a multimodal transport chain due to  
 
UNIMODAL OPTION (road only) 
ITU Semi-trailer 
Empty trip distance (km) 100 
Urban segment 10% 
Rural segment 15% 
Highway segment 75% 
Urban (km/h) 40 
Rural (km/h) 65 
Highway (km/h) 80 
 
Figure 10. Typical road transport case scenario. Source: 
wn. O   
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Table 2. Marine scenarios and emissions legislation. Source: Own. 




NOx emission standard 
2012 baseline 2012 MARPOL (Annex VI-Global sulphur cap) 3.50% Tier 0 (52%)/Tier I (44%)/Tier II (4%)
2012 ROPAX 2012 Dir. Sulphur Content of Marine Fuels (DSCMF)-passenger ships 1.50% Tier 0 (52%)/Tier I (44%)/Tier II (4%)
2012 SECA 2012 SOx ECA 1% Tier 0 (52%)/Tier I (44%)/Tier II (4%)
2015 baseline 2015 MARPOL (Annex VI-Global sulphur cap) 3.50% Tier 0 (40%)/Tier I (44%)/Tier II (16%)
2015 ROPAX 2015 DSCMF-passenger ships 1.50% Tier 0 (40%)/Tier I (44%)/Tier II (16%)
2015 SECA 2015 SOx ECA 0.10% Tier 0 (40%)/Tier I (44%)/Tier II (16%)
2016 baseline 2016 MARPOL (Annex VI-Global sulphur cap) 3.50% Tier 0 (36%)/Tier I (44%)/Tier II (20%)
2016 ROPAX 2016 DSCMF-passenger ships 1.50% Tier 0 (36%)/Tier I (44%)/Tier II (20%)
2016 SECA 2016 SOx ECA 0.10% Tier 0 (36%)/Tier I (44%)/Tier II (20%)
2016 NECA 2016 NOx ECA 3.50% Tier 0/I/II (0%)/Tier III (100%) 
2016 SECA/NECA 2016 SOx and NOx ECA 0.10% Tier 0/I/II (0%)/Tier III (100%) 
2016 ROPAX/NECA 2016 DSCMF-passenger ships and NOx ECA 1.50% Tier 0/I/II (0%)/Tier III (100%) 
2020 baseline 2020 MARPOL (Annex VI-Global sulphur cap) 0.50% Tier 0 (20%)/Tier I (44%)/Tier II (36%)
2020 SECA 2020 SOx ECA 0.10% Tier 0 (20%)/Tier I (44%)/Tier II (36%)
2020 NECA 2020 NOx ECA 0.50% Tier 0/I/II (0%)/Tier III (100%) 
2020 SECA/NECA 2020 SOx and NOx ECA 0.10% Tier 0/I/II (0%)/Tier III (100%) 
 
Table 3. Road transport scenarios and engine technology. 
Source: Own. 
MULTIMODAL OPTION (road + SSS) 
Year 2012 
Empty trip distance (km) 100 
Regulatory framework Global sulphur cap 
Load factor (ITU) 60.00% 
Urban segment 10% 
Rural segment 15% 
Highway segment 75% 
Urban (km/h) 40 
Rural (km/h) 65 
Highway (km/h) 80 
Scenario Engine technology in the fleet 
2012 Euro II (6.8%) Euro III (45.5%)  Euro IV (27.3%) Euro V (20.5%) 
2015 Euro III (25%) Euro IV (27.3%)  Euro V (29.5%) Euro VI (18,2%) 
2016 Euro III (15.9%) Euro IV (27.3%)  Euro V (29.5%) Euro VI (27.3%) 
2020 Euro IV (6.8%) Euro V (29.5%) Euro VI (63.6%) 
 
emissions to air are quantified in 0.0083 €/tm.km, 
whereas the external costs of road transport in this trade 
link are quantified in 0.0063 €/tm.km. There are, how-
ever, other case scenarios in which depending on the ship 
type, ship’s load factor and route characteristics the mul-
timodal option is the preferred one. 
 
5. Conclusions and Further  
Recommendations 
Such a model is definitely a significant contribution for 
the understanding of the considered transport chains en- 
vironmental performances, and can be easily embedded 
into an optimization model in order to find the best solu- 
tion for the given conditions and circumstances. In this 
respect it allows the implementation of optimized green 
logistic strategies and enables the design of more effi- 
cient policy measures not only because of the under- 
standing of driving factors, but because their outcome is  
Figure 11. Typical multimodal transport case scenario. 
Source: Own. 
 
predicted more accurately. In other words, the developed 
model allows to carry out cost benefit analyses of either 
environmental policies or emission abatement technolo- 
gies. Thus, the model enables to rank each of the consid-  
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Table 4. Model input data for loaded leg. 
UNIMODAL (road only) MULTIMODAL (road + SSS)
ROAD ROAD 
Origin: Madrid Origin: Madrid 
Destination: Dortmund Destination: Dortmund 
Loaded distance: 1838 km Loaded distance: 730 km 
Spain 473 km Pre Haulage: 399 km 
France 1016 km Spain: 399 km 
Belgium 190 km Post Haulage: 331 km 
Germany 159 km Belgium 160 km 
TOTAL  
DISTANCE: 1838 km Netherlands 75 km 
  Germany 96 km 
  SSS 
  Sea distance: 675 nm 
  Port of origin: Bilbao 
  Port of  destination: Zeebrugge 
  TOTAL  DISTANCE 1980 km 
 
Table 5. Independent variables and considered values in the 















2012 Semi-trailer 10% 10% - 75% - 15% 30 - 55 - 70 0 
2015 CarCarrier trailer 20% 10% - 60% - 30% 40 - 65 - 80 100 
2016  30% 10% - 45% - 45% 50 - 70 - 85 200 
2020  40% 10% - 30% - 60%  300 
  50% 10% - 15% - 75%  400 
  60%   500 
  70%    
  80%    
  90%    
  100%    
Table 6. Independent variables and considered values in the 
multimodal model. Source: Own. 































100% FEU 70% 300 
 ROPAX-NECA RoRo (MSD)   80% 400 
 SECA-NECA RoRo  (SSD)   90%  
  RoPax   100%  
  ConRo     
 
ered transport alternatives according to different criteria 
in each case scenario: Environmental performance per 
transport work (€/tkm) and Environmental performance 
per route (€). 
This distinction is relevant as factors such as detouring 
can turn the most environmentally friendly option per 
transport work unit (tkm), not the preferred one in a cer- 
tain route. Covered distances are not usually equal in 
road and combined transport chains, being sometimes the 
decisive factor when it comes to most environmentally 
friendly alternative selection. 
Results given for the analyzed trade link, in which 
does not exist a significant detouring difference between 
transport alternatives, make clear the differences in the 
environmental performance of the different combinations 
considered. Besides, some of the common maritime al- 
ternatives nowadays, regarding ship types, show worse 
performance figures which makes necessary to recon- 
sider current practices. RoRo and RoPax ships weak 
performance is related to inherent characteristics such as 
smaller cargo capacity, higher engine power to ship size 
ratio and higher service speed; resulting these character- 
istics in higher consumption and hence higher emission 
factors per ton of cargo. However in favors of maritime 
transport and multimodal services needs to be said that 
this services usually achieve high ship load factors thus 
improving efficiencies overall the transport chain. More- 
over there are other types of external costs such as noise, 
accidents and congestion which are negligible for mari- 
time transport and on the contrary significant for road 
ransport. On the other hand, looking into 2020 results  t 
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Figure 12. Typical multimodal transport case scenario (Madrid-Dortmund). Source: Own. 
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